Background 20
during more dynamic activities are not well understood, and those studies that do exist 23 suggest very high degrees of joint loading. 24
Methods 25
In this study a biomechanical model of the right lower limb was used to calculate the internal 26 joint forces experienced by the lower limb during vertical jumping, landing and push jerking 27
(an explosive exercise derived from the sport of Olympic weightlifting), with a particular 28 emphasis on the forces experienced by the knee. 29
Findings 30
The knee experienced mean peak loadings of 2.4-4.6 × body weight at the patellofemoral 31 joint, 6.9-9.0 × body weight at the tibiofemoral joint, 0.3-1.4 × body weight anterior tibial 32 shear and 1.0-3.1 × body weight posterior tibial shear. The hip experienced a mean peak 33 loading of 5.5-8.4 × body weight and the ankle 8.9-10.0 × body weight. 34
Interpretation 35
The magnitudes of the total (resultant) joint contact forces at the patellofemoral joint, 36 tibiofemoral joint and hip are greater than those reported in activities of daily living and less 37 dynamic rehabilitation exercises. The information in this study is of importance for medical 38 professionals, coaches and biomedical researchers in improving the understanding of acute 39 and chronic injuries, understanding the performance of prosthetic implants and materials, 40 evaluating the appropriateness of jumping and weightlifting for patient populations and 41 informing the training programmes of healthy populations.
Introduction 47
The quantification of the forces experienced by the hip and knee during movement has been 48 Cleather and Bull, 2010a; Cleather and Bull, 2010b; Cleather and Bull, 2011). The study was 114 approved by the local research ethics committee and all participants provided informed 115 consent. Twelve athletic males (mean age 27.1 SD 4.3 years; mean mass 83.7 SD 9.9 kg) 116 were recruited to take part in this study. After performing a standardized warm up consisting 117 of lower extremity body weight exercises (such as squats, lunges and vertical jumps) each 118 subject performed 5 maximal countermovement jumps with their hands on their hips and the 119 highest jump (mean height 0.38 SD 0.05 m) was chosen for analysis. Nine of the subjects 120 employed in this study is described in detail elsewhere (Cleather, 2010) , and comprises 130 markers on the pelvis (4 markers on the anterior and posterior supra-iliac spines), thigh (5 131 markers -including markers on the medial and lateral epicondyles), calf (5 markers -132 including markers on the medial and lateral epicdonyles) and foot (4 markers -including 133 markers on the rear of calcaneus and the head of the second metatarsal).
As the 134 musculoskeletal model is of the right limb alone, each subject performed each trial with only 135 their right foot on the force plate, thus the ground reaction force was that impressed by the 136 right limb alone. All data was collected at 200 Hz. The raw data was filtered using 137 generalized cross validatory spline filtering (Woltring, 1986 ; otherwise known as a Woltringfilter) using a 5 th order spline and a cut-off frequency of 10 Hz. Following the 139 recommendation of Bisseling and Hof (2006) , the force data was filtered using the same cut-140 off frequency as the kinematic data. 141
The musculoskeletal model consists of a linked series of four segments representing the foot, 142 calf, thigh and pelvis articulated by ball and socket joints at the ankle, knee and hip. After 143 filtering these segments were constructed from the positions of the markers using the method 144 of Horn (1987) to establish the position and orientation of each segment. The anthropometry 145 used in the model was taken from the work of de Leva (1996) . 146
The data of Klein Horsman and colleagues 
Results

195
The optimization found a solution for over 99% of the frames of interest. Where a solution 196
could not be found the frame was omitted from the results. Table 1 presents the mean peak  197 forces in the lower limb during jump takeoff, landing, the push jerk drive and the push jerk 198 catch. There were significant differences in the forces experienced at the PFJ (jumping 199 significantly greater than jerk catching and jerk drive significantly greater than jerk catching 200 -p < 0.05) and in posterior shear at the TFJ (again, both jumping and jerking significantly 201 greater than jerk catching -p < 0.05). The ankle joint experienced the greatest loading 202 whereas the PFJ was loaded the least during all activities. 203 In this study a previously described musculoskeletal model of the right lower limb was used 249 to calculate the internal joint forces experienced during vertical jumping, landing and jerking 250 with a focus on the knee. In general, the forces experienced at each joint were of similar 251 magnitude in all four activities, although there were some statistically significant differences. 252
When the data is taken as a whole, the TFJ appeared to experience a peak loading in the 253 range of 6.9-9.0 × BW, the ankle joint a loading of 8.9-10.0 × BW and the hip joint a loading 254 the employment of only 2D models. The strength of the current work is that it is based upon 286 a well posed model that is 3D and incorporates more detail than previous studies of these 287 activities. Despite this the model lacked an adequate number of force actuators to easily find 288 a solution for a limited number of frames immediately before take-off or after landing for 289 some subjects (a higher force upper bound for the muscles was required to find a solution). 290
This may suggest that when considering these types of activities an even greater degree of 291 subject-specific detail may be necessary. An interesting question is whether the difficulty in 292 finding a solution is representative of a physiological imperative (in which case the relatively 293 higher joint forces found in these cases may be representative of the true loading) or whether 294 it is an artefact of a less well posed approximation of the geometry (in which case the 295 calculated force is likely to be an upper bound for the loading). It should also be noted that if 296 the musculoskeletal model has a more favourable geometry than the actual subject then the 297 model may underestimate the joint loading (Southgate et al., 2012) , which further illustrates 298 the importance of future work to understand the effect of changes in subject-specific detail on 299 this type of model.
Other potential limitations of the model include the use of a cost function that is predicated 301 upon the imperative to maximize muscular endurance (and thus may not represent the motor 302 control strategy employed during maximal vertical jumping). Equally, the model has a lack 303 of detail describing the tibiofemoral joint (which does not separate the loading experienced 304 by the lateral and medial compartments). 305
An understanding as to the forces experienced by the hip and knee is of critical importance 306 for a variety of medical professionals, coaches and biomedical researchers. The importance 307 of the current study is therefore in defining a range for the joint contact forces that may be 308 experienced by athletic subjects during routine sporting activities. This study suggests that 309 the total joint contact forces experienced at the knee and hip during vertical jumping and push 310 jerking are larger than in ADLs or slower rehabilitation exercises, but that forces at the knee 311 are smaller than had been indicated in previous studies. 
